Irrigation system design and irrigation management require appropriate match of the soil and type of crop. In Chile, agrological reports are currently being used to determine the homogeneity of soil units and land capability classes: fruit tree production vs orchard design. Agrological studies use a number of soil characteristics, but these do not include hydrophysical properties, which are essential when zoning for irrigation. Therefore, it is necessary to establish a methodology to objectively evaluate soils, based on a quantitative analysis that includes hydrophysical parameters. In this study, different methodologies are proposed for classifying homogenous soil units based on extensive field sampling. The field data was evaluated using two methodologies: 1) the SAG-USDA Manual and 2) in situ sampling of soil's hydrophysical properties and pedotransfer models. There were differences between the methodologies regarding zoning soil properties for irrigation system design and management. The methodology based on the SAG-USDA Manual requires auxiliary data in order to provide useful maps for design and management of irrigation systems. Published pedotransfer functions should be carefully assess before their use in large-scale design, as the quality the estimations depends on the data used to derive the equations. Therefore, if field data is available, we recommend calibrating equations using well-known statistical methods such as least square. In this study, the functions obtained describe the properties of interest properly, such as the field capacity for design of micro-irrigation systems. However, predicting wilting point did not give reliable results.
Introduction
Efficient water use at farm level required adequate understanding the farm's soil properties, topography, and types of crops. In fact, understanding the spatial variability of physical soil properties is a key issue, since soil properties vary spatially within a field because of geological and pedological soil-forming factors (Iqbal et al., 2005, Dec and Dörner, 2014) .
Moreover, spatial variability of soil properties is also influenced by farming practices such as tillage, crop rotation and irrigation management.
Soils in Chile's Central Valley are highly variable in space, posing major problems for irrigation system design and management (Rivera et al., 2015) .
However, current practice for designing irrigation systems considers as main input data the crop type (Holzapfel et al., 2009) , without properly incorporating soil variability. Therefore, a proper design of irrigation systems should consider, besides the crop type, other parameters linking soil and crops, such as root water extraction zone, soil depth, and soil hydrophysical properties (Holzapfel et al., 2009; Holzapfel, 2010; Holzapfel et al., 2015; Flores et al., 2010; Gooley et al., 2014) . Irrigation will be efficient as long as the soil water is only extracted from the root zone. Holzapfel (2010) has indicated that the root zone from where water is extracted is a key factor in irrigation management, and should be related to soil type. This author has also reported that the main water extraction capacity by roots of some fruit trees reaches depths up to 0.6 and 0.7 meters.
Soil texture is essential to characterize soil hydrophysical properties, as it influences water-holding capacity, the soil-water characteristic curve for desorption, and hydraulic conductivity (Campbell, 1974; Van Genuchten, 1980) . Bulk density (Db) is another parameter that needs to be considered as it reflects the structural conditions of the soil, management and cultural practices. Bulk Density largely determines the root growth (Cuevas et al., 2004) . In addition, Selles et al. (2012) indicated that monitoring soil compaction before and after planting allows for a decrease in Db and soil penetration resistance and, in turn, an increase in both the macroporosity and the number of fine roots per square meter in the soil profile. Besides, Db relates to the degree of soil compaction and restriction to root growth (NRCS, 2008) . Water-holding capacity (WHC) of the soil is associated with available soil water for possible extraction in the root zone, indicating the total amount of water that soil can hold for plant use. WHC is key for irrigation management, as it indicates the maximum amount of water to be applied, influencing both irrigation timing and frequency. The study aims to assess methods of producing maps of the spatial distribution of soil properties for irrigation system design and management at the farm level.
We propose an approach for defining homogenous regions based on extensive field sampling. In addition, the Saxton-Rawls method is evaluated and calibrated to estimate soil water characteristics.
Materials and Methods
Field data was used to assess the performance of two different methods to derive hydrophysical data from soil texture and define homogenous areas. Point-wise data was used to produce maps of the spatial distribution of relevant parameters for irrigation design and management, such as WHC and bulk density. To create maps, the kriging method was applied.
Study site
The study was conducted on a farm located in Coi- 
Field sampling and laboratory analyses
Thirty-one test pits were excavated and soil samples were taken at different depths. Measurements were carried out the Water Resources Laboratory of the School of Agricultural Engineering, University of Concepción using standardized procedures (Sandoval et al., 2012) . Samples from each soil horizon were packed in plastic bags to determine particle size distribution using the hydrometer method. Undisturbed samples were analyzed for bulk density and soil water content. Bulk density was measured using the natural lump method, while the water contents at -33 kPa (field capacity, FC) and -1500 kPa (wilting point, WP) were determined using the ceramic plate pressure extraction method (Sandoval et al., 2012) .
Water Holding Capacity (WHC) was calculated as the difference between FC and WP on a volume basis, considering soil depth (Jury et al., 1991) . Field data were compared to the information provided by 
Methods for defining homogeneous soil areas
Two methods were applied. The "Agrological method" (USDA-SAG) requires texture and soil's depth data from CIREN soil series maps (low spatial resolution 1:500,000). Data from maps was interpreted to qualitatively define homogenous units considering topography and plot boundaries. The second method (INSITU) considers field sampling of other relevant soil properties than texture, such as bulk density, infiltration rate, and water holding capacity. Then, homogenous areas were defined using ordinary kriging.
Pedotransfer functions were used to provide estimates of the unknown parameters (WHC, WP) based on texture. Pedotransfer models such as the Saxton and Rawls (Saxton and Rawls,2006) could help to reduce the amount of soil analysis types.
Field data was spatialized using kigring (Gozdowski et al., 2015) . We tested the predictive skill of pedo tranfer functions when used as an auxiliary method to increase the data density. 
Pedotranfer functions
The method proposed by Saxton and Rawls (2006) predicts the WHC by soil at a potential of -33 kPa   =   + (0.14 ·   − 0.02)
(1)
(FC) and -1500 kPa (WP) from texture and Organic
Matter (OM) content data.
Equations are as follows:
where θ 1500 is the soil water content at -1500 kPa (%v), θ33 is the soil water content at -33 kPa, C is the fraction of clay (%w), S is the sand fraction (%w), and OM is the fraction of organic matter (%w).
Note that calculations in equations (1) and (3) are based on auxiliary variables -denoted by subscripts t-using equations (2) and (4). The general expression for a given auxiliary variable Vt in equations (2) and (4) are:
where S, C, and OM are the predictive variables, and a, b, d, e, f, g, and h are coefficients subject to calibration.
The value of the coefficients is a measure of the relative weight of predictive variables on the final results.
New pedotransfer relationships were fitted to field data using least squares (LS) for equations 1-4. LS methods fit a continuous function for data-pairs (independent variable, dependent variable), by minimizing the square error. The proposed model predicts soil water content at a potential of -33 kPa (FC) and -1500 kPa (WP). To assess the goodness-of-fit for pedotransfer functions, the coefficient of determination (R2), relative differences (RD), and the root mean square error (RMSE), against field-measured data. Even though pedotransfer functions are valuable tools for design, Wösten et al. (2001) note that the predictive skill of the functions highly depends on the calibration data set. Based on this, another pedotransfer model was developed for the soils in the study site using a quasipolynomial model based on the following variables:
bulk density, percentage of clay, sand and organic material (Eq. 6 and Eq. 7).
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where θ is the water content at field capacity θ fc and wilting point θ wp (m 3 m -3 ) expressed as percentage, S and C are the sand and clay contents (%) respectively, OM is the organic matter content (%) and Db is the bulk density (g/cm 3 ). The new approach includes additional variables to the Saxton and Rawls (2006) . In equation (7), predictive variables were defined after an intensive screening process.
Spatial data
Hydrophysical properties measured in the field were spatialized using the ordinary kriging method (Hengl, 2009 ). Thus, values at the locations that were not sampled in the study area were estimated. Soil maps for irrigation system design and management were discretized n order to define the areas with homogeneous hydrophysical properties.
Physical soil quality indices were selected as indicated by Rabbi et al. (2014) . The indices are as follows: clay content is less than or equal to 40%, and bulk density ranges between 0.9 and 1.2 g/cm 3 .
Regarding these indicators, USDA (2009) states that clay contents greater than or equal to 40% prevent the movement and redistribution of soil water. Regarding fine-textured soils, Reynolds et al. (2003) have indicated that bulk densities below 0.9 g/cm 3 prevent good contact between soil and roots, while bulk densities greater than 1.2 g/cm 3 stop rootlet elongation and reduce soil aeration.
Maps were compared using the coefficient of variation:
where CV is the coefficient of variation, SD is the standard deviation and is the mean. Thus, soil units having low values of CV are better than soils units
showing large values for CV. (Figure 1c ). This is possibly caused by the increase in the sand fraction (higher particle density) along the profile (Alvarado and Forsythe, 2005) . Also farming practices, such as tillage and cropping, decrease bulk density on the surface due to the presence of roots and the addition of organic matter from pruning or soil amendments. Rivera et al. (2015) and Dec and Dörner (2014) .
Results

Agrological study
Soil water characteristics
Maps of hydrophysical soil characteristics
Bulk density (Db) measured in the field and spatialized using kriging (Figure 2a) shows that in the southern part of the farm, higher Db variation is observed. Opposite, the northern part of the farm shows a lower variation in bulk density. In the central part of the farm, higher bulk density is observed, reaching values above 1.4 g/cm 3 . This area corresponds to the Arrayan series (Figure 1b) . However, there is some spatial variation on bulk density that is observed on soil series maps. Thus, these areas showing discrepancies need to be considered as different for irrigation system design and management. The clay content of soils in the northern zone ranges from 30 to 40%, and decreases to the south. The sand content is higher than the clay content, on average, with a slightly lower standard deviation (Table 1) .
Soils with the highest sand content are found in the northern and central parts of the study area, decreasing to the south and reaching values ranging from 15% to 40%. Soils with the highest silt content are found in the southern part of the farm, while the lowest content was found in the northern part. Considering soil textures, silt presented the highest values for both the mean value and the standard deviation (Table 1) , compared to sand and clay, and this was also observed in the deeper layers. It was also observed that in terms of depth, clay and silt mineral particles decreased, whereas sand content increased. Dörner et al. (2009) found similar values in an Andisol soil in southern Chile, reporting values ranging from 33% to 43% sand, and from 47% to 59% silt in the first 20 cm of soil.
Evaluation and calibration of pedotransfer functions
The pedotransfer function proposed by Saxton and Rawls (2006) underestimates both FC and WP (Figure 3a-3d) . Table 2 in estimating FC and WP. However, Table 2 shows that the goodness-of-fit of both the original model, Table 2 and Figure 3e , the local calibration delivered better estimates, by decreasing RD and increasing R2
for field capacity. However, there was not a significant improvement for wilting point (Figure 3f ). Table 3 . Coefficients for the pedotransfer functions proposed*.
*Correspond to the equations 6 and 7. Water content at field capacity (FC) and wilting point (WP) This occurs because this zone, which corresponds to soils classified as Class II, also presents a bulk density with the same spatial heterogeneity (Table 4) .
Discussion
Analysis and evaluation of methods to determine homogenous soil units
On the other hand, the map that compares the land use class and available water content shows differences between the two methods. 
Methodological proposal
An important parameter for design and management of micro-irrigation systems is the value of field capacity (Holzapfel et al., 2015) . Thus, the pedotransfer model obtained for FC can be used for design considering this soil type. Regarding estimates of the wilting point, the model is weak in predicting this parameter (Table 2) Even though the development of pedotransfer models also requires field data, our approach shows that local calibration is required to produce more accurate homogeneous soil units.
It is important to collect as much information as possible in order to have an overview of the field. The first step in a soil study for irrigation system design and management purposes is to verify soil variability by using tools such as satellite imagery, landscape analysis, previous soil studies, and borehole sampling, followed by borehole monitoring to confirm data (soil series, limitations) in order to create maps with homogeneous areas. Finally, soil samples should be collected for laboratory analysis to identify the hydrophysical properties of interest. In addition, pedotransfer functions can be also used to characterize the soil, provided that these functions correspond to the type of soil studied. Having analyzed the information, the maps are made with the variables either measured or estimated in the field and categorized to get an overview of the area.
Conclusion
The SAG's guidelines based on the USDA Soil Survey Manual provides qualitative data that could be used as a first step on defining homogenous soil units.
The INSITU methodology describes soils from a hydrophysical point of view, which allows for characterized maps with soil quality indicators, such as clay content, bulk density and water retention capacity, which vary depending on the crop and the characteristics of the soil.
Published pedotransfer functions should be carefully assess before their use in large-scale design, as the quality the estimations depends on the data used to derive the equations. Therefore, if field data is available, we recommend calibrating equations using wellknown statistical methods such as least square. In this study, the functions obtained describe the properties of interest properly, such as the field capacity to be used in micro-irrigation, but they are likely to be improved in future research, especially those used to predict wilting point.
The maps obtained using the in situ methodology result in more homogeneous sites as measured by the coefficient of variation (CV) values, taking a more global view that results in reducing associated costs and allows for a better use of resources. However, more research is needed to assess the reliability and replicability of produced maps, in order to define a standardized protocol to replace current practice.
Also, it is necessary to investigate whether savings in energy and water offsets the cost for additional field data.
